Glucocorticoids (GCs) are important stress hormones, which are used as a concomitant medication during malignant tumor chemotherapy. Clinical and preclinical studies have linked GCs to melanoma growth and progression. However, the effects and mechanism of action of GCs on the adhesion and survival of melanoma cells are still unknown. In the present study the effect of dexamethasone (Dex), a synthetic GC, on fibronectin (FN) expression and its roles in regulating the adhesion and survival of melanoma cells were investigated. It was revealed that Dex significantly increased the levels of intracellular and secreted FN in melanoma cell lines by increasing glucocorticoid receptor-mediated FN protein stability. Additionally, it was demonstrated that Dex (100 nM) significantly promoted the adhesion and survival of melanoma cells. Silencing FN expression abrogated the pro-adhesive and pro-survival effects of Dex in melanoma cells. Extracellular FN significantly enhanced melanoma cell adhesion and survival in the presence of cisplatin, whereas partially blocking extracellular FN signaling with a CD44 antibody significantly reduced FN-enhanced adhesion and survival. This indicated that the upregulation of FN contributed to the pro-survival effect of Dex by enhancing cell adhesion. It was also observed that activation of the PI3K/AKT signaling pathway by extracellular FN was involved in the FN-mediated increase in melanoma cell survival. These findings increase understanding of the possible mechanisms by which GCs regulate melanoma cell adhesion and survival.
Introduction
Clinical and preclinical studies have shown that chronic stress has an impact on tumor growth and progression (1) (2) (3) (4) . As important stress hormones, glucocorticoids (GCs) influence tumor biology not only through their systematical immunosuppressive and anti-inflammatory effects (5, 6) , but also by changing the tumor microenvironment and playing a direct role in regulating the proliferation, metabolism, differentiation and apoptosis of tumor cells (7) . Moreover, synthetic GCs, such as dexamethasone (Dex), have been widely used as concomitant medications to reduce acute toxicity and alleviate side effects, such as hyperemesis induced by chemotherapy or radiotherapy in non-hematologic cancer therapy (7, 8) . GCs are also given to patient before, during and after chemotherapy of solid malignant tumors to protect normal tissue, e.g., bone marrow progenitor cells, against the long-term effects of genotoxic drugs (9) . Recently, emerging evidence has shown that GCs exert inhibitory effects on tumor apoptosis induced by chemotherapeutics not only in established cancer cell lines and tumor xenografts, but also in freshly isolated cells from surgical specimens, such as breast, ovary, prostate, liver and skin (10) (11) (12) (13) . Therefore, it is important to consider the clinical relevance of the survival-promoting effects of GCs when they interfere with chemotherapeutics.
The effects of GCs are mediated by the glucocorticoid receptor (GR), which is ubiquitously expressed in all cell, and exerts its biological effects by regulating the expression of genes and cross-talking with multiple trans-membrane signaling pathways (14) . An increasing number of studies have reported that GCs/GR promote cancer cell survival in an unfavorable microenvironment and enhance the resistance of solid tumors to chemotherapy by regulating the expression of genes and activating trans-membrane signaling pathways, which is very pivotal for the cancer progression (15) . The pro-survival and anti-apoptotic effects of GCs are meditated by GR through regulation of the expression of genes, such as inhibitors of apoptosis (cIAP-2, X-IAP, Bcl-XL, and Bcl-2), mitogen-activated protein kinase phosphatase-1 (MKP-1), as well as serum-and glucocorticoid-inducible kinase 1 (SGK-1) (16, 17) .
Cell adhesion to the extracellular matrix (ECM) is pivotal for survival and growth of most of solid cancer cells and is mediated by several cell surface adhesion molecules such as integrin β1 and CD44 and their ligands, which are ECM components, such as collagens, fibronectin (FN) and laminin (18, 19) . Binding of the key ECM protein FN to cell surface adhesion molecules not only supports cell adhesion, but also brings cytoplasmic molecules together to form protein-rich focal complexes that activate focal adhesion kinase (FAK) and several intracellular signaling molecules and pathways, such as Rho GTPases, Ras GTPase, Src and the PI3K-Akt pathway, that regulate cell proliferation, survival, spreading and migration (18) (19) (20) (21) (22) . So far, studies on the regulation of FN by GCs and its role in GC-induced pathophysiological process are limited. Ahadome et al reported that Dex increases FN expression in ocular trabecular meshwork cells, and this increase in FN expression is involved in the steroid-induced glaucoma (23) , while another study reported Dex negatively regulates FN expression in cytotrophoblasts isolated from human placenta (24) . However, due to limited data it is unclear whether the regulation of FN expression by GCs is cell type-dependent.
Melanoma is characterized by frequent recurrence and high mortality in skin cancers. Human melanoma cells express high-affinity GR (25) . Previous studies have shown that GCs have no significant direct effects on the proliferation of most human melanoma cells in vitro, but giving liposomal prednisolone phosphate (PLP) for prolonged periods of time reduces the melanoma growth by inhibiting tumor angiogenesis in mice (25, 26) . Recently a clinicopathological study demonstrated that the subcellular distribution of GR in cutaneous melanoma specimens is associated with tumor thickness and Clark level, the level of anatomical invasion of melanoma in the skin (27) . However, it is still unclear whether GCs affect the adhesion and survival of melanoma cells.
In this study, we found that Dex, a synthetic GC, significantly upregulated FN expression and increased its secretion in melanoma cells. We further investigated the mechanism and biological significance of FN upregulation by Dex in melanoma cells. This study facilitates understanding the mechanism by which GCs affect melanoma biology, especially the adhesion and survival of melanoma cells.
Materials and methods
Cell culture. Human A375 melanoma cells and murine B16F10 melanoma cells were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The two cell lines were routinely cultured in RPMI-1640 (Gibco, USA) containing 10% fetal bovine serum (FBS, Bioind, Israel) and maintained in an incubator with a humidified atmosphere of 5% CO 2 at 37˚C. Wortmannin, cisplatin, cycloheximide (CHX) and RU486 were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) and dissolved in dimethyl sulfoxide (DMSO) or ethanol. Recombinant human FN was purchased from R&D Systems, Inc. (Minneapolis, MN, USA). For Dex treatment, cells were cultured in medium containing 10% Dextran-coated charcoal (DCC)-treated FBS to avoid possible interference from serum steroids and incubated with 100 nM Dex (Sigma-Aldrich; Merck KGaA) for different periods of time. Control cells were incubated with ethanol vehicle (<1‰ v/v).
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was isolated using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), and 2 µg total RNA was reverse transcribed using Reverse Transcription Reagents (Takara Bio, Inc., Otsu, Japan) following the manufacturer's protocol. RT-qPCR was performed in triplicate using SYBR Green PCR Master Mix (Toyobo Life Science, Osaka, Japan) on a Mastercycler ep realplex (Eppendorf, Hamburg, Germany). The primer sequences used were as follows. FN (human): 5'-CGG TGG CTG TCA GTC AAA G-3' (forward) and 5'-AAA CCT CGG CTT CCT CCA TAA-3' (reverse). FN (mouse): 5'-GTC AGT GTC TCC AGT GTC TAC-3' (forward) and 5'-TGG CTT GCT GGC CAA TCA GT-3' (reverse). GAPDH (human): 5'-CAT GAG AAG TAT GAC AAC AGC CT-3' (forward) and 5'-AGT CCT TCC ACG ATA CCA AAG T-3' (reverse). β-actin (mouse): 5'-CTG TAT GCC TCT GGT CGT AC-3' (forward) and 5'-TGA TGT CAC GCA CGA TTT CC-3' (reverse). Thermal cycling conditions consisted of an initial denaturing step (95˚C, 2 min) followed by 40 cycles of denaturing (95˚C, 15 sec), annealing (60˚C, 15 sec) and extending (72˚C, 45 sec). The level of FN mRNA was normalized to GAPDH or β-actin (internal control), and relative quantification was done using the 2 ΔΔCq formula. Changes in gene expression were expressed as the relative fold-increase in mRNA compared with a control.
Western blotting. Total cell lysates were prepared with 1x SDS lysis buffer with 100 mM Dithiothreitol and 2 µg/ml protease inhibitor solution containing 0.1 mM each leupeptin, aprotinin, and pepstatin. After electrophoresis, proteins were transferred to nitrocellulose membrane, blocked with 5% (v/v) nonfat milk in tris-buffered saline Tween-20 (TBST), and probed overnight at 4˚C with primary antibodies against FN (sc-6953, 1:500; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), β-actin (1:10,000, Sigma-Aldrich; Merck KGaA), or p-Akt1/2/3 (Ser 473) (sc-7985, 1:1,000; Santa Cruz Biotechnology, Inc.), Akt1/2/3 (sc-8312, 1:1,000; Santa Cruz Biotechnology, Inc.). Then the membranes were washed three times and incubated with HRP-conjugated secondary antibodies (1:5,000; Rockland Immunochemicals, Inc., Gilbertsville, PA, USA) for 2 h. Finally HRP was detected using enhanced chemiluminescence (Pierce; Thermo Fisher Scientific, Inc.). Protein bands were quantified with ImageJ software (National Institutes of Health, Bethesda, MD, USA) using β-actin as an internal control.
ELISA. A375 melanoma cells were treated with or without 100 nM Dex for the indicated times, and then the conditioned media were collected and analyzed using human FN ELISA kits (R&D Systems, Inc.) according to the manufacturer's instructions. Absorbance of samples was read at 450 nm in a UV-visible spectrophotometer. The protein concentration was calibrated from a dose response curve based on reference standards.
RNA interference. SiRNAs were manufactured by GenePharma Co., Ltd. (Shanghai, China). The sequences were as follows. FN siRNA: 5'-GCA GUG GCU GAA GAC ACA AGG AAA U-3'; Control siRNA: 5'-CGC TTA CCG ATT CAG AAT GG-3'. A375 cells were transfected with a final concentration of 10 nmol/l FN siRNA or control siRNA using INTERFERin TM (Polyplus Transfection, Strasbourg, France) following the manufacturer's instructions.
Cell adhesion assay. Cell adhesive ability was determined by cell adhesion assay. After cells were treated with Dex or transiently transfected with siRNA for the indicated times, cells were digested into single cell suspension and 8x10 4 cells were seeded onto non-coated 96-well plates in triplicate and incubated at 37˚C for 60 min. The plates were gently washed thrice with 1X PBS to remove the non-adherent cells. The number of remaining cells in the 96-well plates was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, the remaining cells were incubated in medium supplemented with 50 µg/ml methylthiazole tetrazolium for 3 h. Cells were then solubilized by adding 200 µl DMSO. The absorbance was measured at 570 nm in a UV-visible spectrophotometer.
Cell adhesion ability was also determined in 96-well plates coated with or without human FN purchased from CORNING (USA). Before the cell adhesion assay, cells were pre-treated with a CD44 primary antibody (103014; BioLegend, Inc., San Diego, CA, USA) and Con IgG antibody (400622; BioLegend, Inc.) for 1 h.
Analysis of cell viability. Cells were seeded in 96-well culture plates at a density of 3x10 3 cells per well in triplicate, allowed to attach overnight, and then treated with the indicated chemicals or reagents. Cisplatin, a chemotherapeutic drug applied in melanoma therapy, was used to induce cell death. At the indicated time, cell viability was evaluated using the Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan) following the standard procedures provided by the manufacturer. The optical density (OD) was measured at a wavelength of 450 nm using a Labsystem multiskan microplate reader (Merck Eurolab, Dietikon, Switzerland).
Statistical analysis. Statistical significances between multiple experimental groups were analyzed by one-way analysis of variance and Tukey's post hoc tests. The Student's t-test was used to compare the difference between two different groups. P<0.05 was considered to indicate a statistically significant difference. Quantitative data were expressed as the mean ± standard deviation of at least three determinations.
Results
Dex increased the expression and secretion of FN in melanoma cells. We first examined the expression of FN in A375 and B16F10 melanoma cells treated with 100 nM Dex for different periods of times by RT-qPCR and western blotting. We did not observe a significant change in the level of FN mRNA ( Fig. 1A and B ), but we found that Dex significantly upregulated FN protein in A375 and B16F10 cells in a time-dependent fashion, with the maximal induction of FN protein (3.9-fold of control and 3.5-fold of control, respectively, P<0.01) observed at 48 h after Dex treatment (Fig. 1C and D) . A significant increase in the level of secreted FN was also observed at 48 h and 72 h after Dex treatment in A375 cells (Fig. 1E ).
Upregulation of FN expression by
Dex was due to a GR-mediated increase in protein stability. Since upregulation of FN by Dex occurred at the post-transcriptional level, we investigated whether Dex-induced upregulation of FN was mediated through GR and caused by an increase in the protein stability in A375 melanoma cells. As shown in Fig. 2A, RU486 , an antagonist of GR, dramatically reversed the upregulation of FN protein, indicating that the effect of Dex was mediated through GR.
We next examined the protein stability of FN in the presence and absence of Dex by western blotting. A375 cells were pre-treated with Dex or vehicle for 48 h and further treated with 100 µg/ml cycloheximide (CHX, a protein synthesis inhibitor) for different amounts of times. As shown in Fig. 2B , Dex significantly extended the half-life of FN protein (from 21.11 to 39.87 h, a 1.89-fold increase, P<0.01). These results indicate that Dex-induced upregulation of FN was achieved by preventing protein degradation.
Upregulation of FN contributed to the pro-adhesive effect of Dex in melanoma cells. As a multifunctional ECM glycoprotein and a core component of many extracellular matrices, FN plays an important role in regulating intracellular signal transduction and tumor behaviors, including cell adhesion and cell survival (28) (29) (30) . Therefore, we investigated whether the effect of Dex on melanoma biology was due to upregulation of FN. We silenced the expression of FN using specific small RNA interference (si-FN) and determined the effects of knock-down of FN on melanoma cell adhesion. We found that 100 nM Dex significantly enhanced the adhesive ability of B16F10 and A375 cells (Fig. 3A) . Western blotting confirmed that knock-down of FN expression with si-FN almost abolished the Dex-induced expression of FN in A375 cells (Fig. 3B ). As shown in Fig. 3C , Dex significantly enhanced the adhesive ability of A375 cells transfected with control small RNA interference (si-con). However, the pro-adhesive effect of Dex in FN knock-down cells was almost completely inhibited, indicating that upregulation of FN contributed to the pro-adhesive effect of Dex in melanoma cells.
In order to further evaluate the role of FN in the adhesion of A375 cells, we examined cell adhesive capacity on uncoated and FN-coated wells (to imitate the over-expression of extracellular FN). The number of adhering cells in the FN-coated group was significantly higher than the uncoated control group (Fig. 3D) , indicating that augmentation of extracellular FN enhanced A375 cell adhesive capacity.
Upregulation of FN contributed to the pro-survival effect of Dex by enhancing melanoma cell adhesion. Studies have
shown that cell adhesion to the ECM is pivotal for survival and growth of most of solid malignant cells, so we further investigated the role of FN upregulation in the effect of Dex on melanoma cell survival in the presence of the chemotherapeutic agent cisplatin. We found that treatment with cisplatin for 24 h decreased A375 cell viability in a dose-dependent manner (Fig. 4A) . The survival rate of A375 cells treated with 40 µM cisplatin was decreased to 39% (P<0.01) (Fig. 4B ). However, we found that 100 nM Dex significantly weakened the cytotoxic effect of cisplatin and increased the cell survival rate to 68% (P<0.01) (Fig. 4B) . Similar results were observed for B16F10 cells (Fig. 4C) , indicating that Dex exerted a pro-survival effect on melanoma cells under unfavorable conditions ( Fig. 4B and C) . Next, we observed the effect of Dex and cisplatin treatment on survival in cells where FN expression was silenced by si-FN. We found that Dex also enhanced cell resistance to cisplatin in A375 cells transfected with si-con ( Fig. 4D ), but inhibiting FN expression with si-FN significantly reduced the pro-survival effect of Dex in the presence of cisplatin (Fig. 4D) . These results indicate that upregulation of FN contributes to Dex-induced melanoma cell survival and chemo-resistance.
The interaction of extracellular FN with one of its receptors, such as CD44, mediates cell adhesion by triggering several signaling pathways, and adhesion consequently regulates cell behaviors, including cell survival (31, 32) . Therefore, we further investigated the correlation between FN-enhanced cell adhesion and FN-enhanced melanoma cell survival and resistance to chemotherapeutics. We used FN-coated wells to mimic extracellular FN. As shown in Fig. 4E , blocking CD44 signaling with an anti-CD44 antibody significantly abrogated the effect of FN-enhanced cell adhesion in A375 cells, suggesting the partial involvement of extracellular FN/CD44 signaling in enhanced cell adhesion. Furthermore, extracellular FN protected A375 cells against chemotherapeutics, further validating the effect of FN on enhanced cell survival under unfavorable conditions (Fig. 4F ). Inhibiting extracellular FN signaling with an anti-CD44 antibody not only reduced cell adhesion, but also significantly reduced the FN-mediated pro-survival effect in the presence of cisplatin (Fig. 4F) . These data indicate that cell adhesion is positively linked to melanoma cell survival and that Dex-induced survival and chemo-resistance is mediated through FN upregulation and enhancement of cell adhesion.
PI3K/AKT activation contributed to FN-mediated melanoma cell survival. The PI3K/AKT pathway plays a critical role in modulating tumor cell proliferation, adhesion and survival (33) (34) (35) . Therefore, we examined whether the PI3K/AKT pathway was involved in the pro-survival effect of FN on melanoma cells. We found that treatment with recombinant human FN (rh-FN; 10 µg/ml) significantly increased the level of phosphorylated AKT at S473 in A375 cells in a time-dependent manner (Fig. 5A) . Treatment with rh-FN also significantly increased cell viability from 36 to 61% (P<0.01) ( Fig. 5B ). However, inhibiting the PI3K/AKT pathway with wortmannin almost abolished the pro-survival effect of rh-FN in the presence of cisplatin in A375 cells (Fig. 5B) . These results indicate that activation of PI3K/AKT by extracellular FN is involved in the survival and enhancement of cisplatin resistance in melanoma cells.
Discussion
GCs are important stress hormones and are used as a concomitant medication during malignant tumor chemotherapy. Current studies have suggested a positive relationship between GCs and melanoma progression (27, (36) (37) (38) . The mechanism by which GC influences melanoma biology is still unclear. In this study, we investigated the role of Dex in regulating FN expression, and the biological significance of this regulation in melanoma cells. We found that Dex, a synthetic GC, significantly increased the level of FN protein in melanoma cells, including its secreted form. Upregulation of FN protein by Dex was mediated through GR, which acted post-transcriptionally by increasing FN protein stability. GC was previously reported to increase FN synthesis and induce FN matrix assembly in normal human fibroblasts, HT-1080 fibrosarcoma cells and chick hepatocytes, but GC was found to negatively regulate FN expression in placenta (24, (39) (40) (41) . These contrasting results suggest that the regulation of FN expression by GC is dependent on cell type.
FN is a multifunctional ECM glycoprotein and a core component of many extracellular matrices, and plays an essential role in regulating epithelial cell adhesion to the ECM (42) . In the present study, we found that Dex significantly increased the levels of both intracellular and secreted FN protein in melanoma cells and promoted adhesion. Knock-down of FN expression in melanoma cells significantly reduced the pro-adhesive effect of Dex. Furthermore, we demonstrated that the addition of extracellular FN enhanced the adhesive capacity of melanoma cells. These results indicate that upregulation of FN mediates the pro-adhesive effect of Dex on melanoma cells. Cell adhesion to the ECM is pivotal for survival and growth of most solid malignant cells (18, 19) . Consistent with this, we demonstrated that in addition to regulating the adhesion of melanoma cells, Dex increased the survival and chemo-resistance of melanoma cells during cisplatin-induced cell death. Knock-down of FN expression not only reduced cell adhesive capacity, but also abrogated the pro-survival effect of Dex; therefore, we hypothesize that upregulation of FN by Dex enhances cell adhesion, thereby enhancing cell survival under unfavorable conditions. CD44, a broadly distributed transmembrane glycoprotein, mediates cell-matrix interactions through binding to some ECM components, such as FN, collagens and laminin. To test our hypothesis, an anti-CD44 antibody was used to block the extracellular FN signaling and inhibit FN-enhanced cell adhesion. We found that anti-CD44 antibody treatment only partially blocked the FN-mediated increase in melanoma cell survival in the presence of cisplatin, indicating that FN binding to other receptors in addition to CD44 may contribute to the pro-survival effect of Dex.
It is known that increased adhesion mediated by FN-receptor interaction plays an essential role in regulating cell proliferation, survival and migration by triggering several signaling pathways, especially the PI3K/AKT pathway, which is the most important pathway promoting cell survival (43) . Interaction of CD44 with its ligands, including FN, can also enhance proliferation, survival and invasion by activating PI3K/AKT pathway (31, 32, 44) . It is unclear whether the PI3K/AKT pathway is involved in the FN-enhanced melanoma cell survival. Here, we demonstrated that extracellular FN activated PI3K/AKT signaling in a time-dependent manner and inhibiting PI3K/AKT signaling almost abrogated the pro-survival effect of FN, indicating that activation of this pathway contributed to the FN-mediated melanoma cell survival.
In summary, we found that Dex upregulated the expression of FN protein in melanoma cells through a GR-mediated increase in protein stability. In melanoma cells, upregulation of FN contributed to the adhesion-promoting effect of Dex, thereby promoting cell survival and enhancing cell resistance to chemotherapy through activation of PI3K/AKT pathway. These new findings increase our understanding of the mechanism responsible for GC promotion of melanoma cell adhesion and survival.
